ABSTRACT
Introduction
Intensive chemotherapy followed by consolidative chemotherapy remains the backbone of treatment for most acute leukemia. 1 For refractory or relapsed acute leukemia, allogeneic hematopoietic stem cell transplantation plays an important salvaging role. 1 However, prognosis of the comorbid elderly or patients ineligible for transplants remains poor. [2] [3] [4] Moreover, chemoresistance manifested by low complete remission rates and short response durations to conventional salvaging chemotherapy regimens are common and challenging problems, highlighting the need for novel molecular targeted strategies for acute leukemia. Bortezomib, a modified dipeptidyl boronic acid, is a specifically designed reverse-inhibitor of the 26S proteasome (a key barrel-shaped multiprotein for degradation of ubiquitylated proteins). It is well-known that the nuclear factor-κB (NF-κB) transcription factor plays a vital role in cell proliferation, apoptosis, tumor cell invasiveness and metastasis, tumorigenesis and angiogenesis, particularly in multiple myeloma. [5] [6] [7] Inactive NF-κB is bound in the cytoplasm to its inhibitor IκB and upon activation IκB is phosphorylated, ubiquinated, and degraded by the proteasome thereby releasing NF-κB to locate to the nucleus. Through a blockade on the proteasome degradation of IκB, bortezomib has shown remarkable in vitro and clinical anti-tumor activity against multiple myeloma and mantel cell lymphoma that has resulted in the approval of the drug for clinical treatment of these two hematologic malignancies. 6, 7 Moreover, the multiple cellular targets affected by proteasome inhibition implicate a potential role for bortezomib in enhancing antitumor activities in hematologic malignancies. Bortezomib combined with conventional chemotherapy or other novel investigational agents is currently undergoing several early (I or II) phase trials for treatment of relapsed or refractory leukemia (NCT clinical trials: NCT00440726, NCT01075425, NCT00666588, NCT01127009).
Interestingly, more and more studies are showing that bortezomib exerts different cytotoxic effects on different cancers (solid tumors and hematologic malignancies), [8] [9] [10] [11] [12] suggesting that its mechanism of action may not necessarily depend on its proteasome inhibitory effect. Indeed, our previous study showed that downregulation of phospho-Akt (P-Akt) plays a key role in determining the sensitivity of hepatocellular carcinoma (HCC) cells to bortezomib-induced apoptosis. 13 Importantly, we found that the differential cytotoxic effects of bortezomib on HCC The multiple cellular targets affected by proteasome inhibition implicate a potential role for bortezomib, a first-inclass proteasome inhibitor, in enhancing antitumor activities in hematologic malignancies. Here, we examined the antitumor activity and drug targets of bortezomib in leukemia cells. Human leukemia cell lines were used for in vitro studies. Drug efficacy was evaluated by apoptosis assays and associated molecular events assessed by Western Blot. Gene silencing was performed by small interference RNA. Drug was tested in vivo in xenograft models of human leukemia cell lines and in primary leukemia cells. Clinical samples were assessed by immunohistochemical staining. Bortezomib differentially induced apoptosis in leukemia cells that was independent of its proteasome inhibition. Cancerous inhibitor of protein phosphatase 2A, a cellular inhibitor of protein phosphatase 2A, mediated the apoptotic effect of bortezomib. Bortezomib increased protein phosphatase 2A activity in sensitive leukemia cells (HL-60 and KG-1), but not in resistant cells (MOLT-3 and K562). Bortezomib's downregulation of cancerous inhibitor of protein phosphatase 2A and phospho-Akt correlated with its drug sensitivity. Furthermore, cancerous inhibitor of protein phosphatase 2A negatively regulated protein phosphatase 2A activity. Ectopic expression of CIP2A up-regulated phospho-Akt and protected HL-60 cells from bortezomib-induced apoptosis, whereas silencing CIP2A overcame the resistance to bortezomib-induced apoptosis in MOLT3 and K562 cells. Importantly, bortezomib exerted in vivo antitumor activity in HL-60 xenografted tumors and induced cell death in some primary leukemic cells. Cancerous inhibitor of protein phosphatase 2A was expressed in leukemic blasts from bone marrow samples. Cancerous inhibitor of protein phosphatase 2A plays a major role in mediating bortezomib-induced apoptosis in leukemia cells. and Kuen-Feng Chen 4, 5 are independent of its proteasome inhibition. 13 Recently, we found that protein phosphatase 2A (PP2A), a major endogenous negative regulator of Akt signaling, may play a major role in regulating the bortezomib induced downregulation of P-Akt and subsequent apoptosis in HCC cells. 14 Our data illustrated that okadaic acid, a PP2A inhibitor, reversed the downregulation of P-Akt in bortezomib-treated cells, and PP2A knockdown by small interference RNA (siRNA) also reduced apoptosis induced by a combination of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and bortezomib, indicating that bortezomib-induced P-Akt downregulation may be PP2A dependent. 14 PP2A is a serine/threonine protein phosphatase complex that regulates cell proliferation via dephosphorylation of oncogenic kinases such as Akt and Erk. 15 PP2A consists of a scaffold subunit (A), a catalytic subunit (C, the AC core enzyme), and a wide variety of regulatory subunits (B). 16 The substrate specificity, cellular localization and enzymatic activity of PP2A are believed to be largely regulated by the regulatory B subunit. 15 Several cellular inhibitors of PP2A have been identified, including SET, 17, 18 and cancerous inhibitor of protein phosphatase 2A (CIP2A). 19 CIP2A, originally named KIAA1524 or P90, has been cloned from patients with HCC. 20 CIP2A has been shown to promote anchorage-independent cell growth and in vivo tumor formation by inhibiting PP2A activity toward c-Myc. 19 In addition to HCC, CIP2A is over-expressed in several human malignancies including gastric cancer, head and neck cancer, colon cancer, breast cancer, prostate cancer and non-small cell lung cancer. [19] [20] [21] [22] [23] [24] [25] Similarly, Come et al. 25 found that CIP2A is associated with clinical aggressiveness in human breast cancer and promotes the malignant growth of breast cancer cells. Of note, very recently CIP2A has been found to be related to hematologic malignancies; in the first case recorded, an MLL-KIAA1524 fusion gene was identified in an infant with acute myeloid leukemia (AML). 26 Importantly, CIP2A is also overexpressed in patients with newly diagnosed/relapsed AML, 27 and has been shown to be an important determinant of disease progression to blast crisis in chronic myeloid leukemia (CML). 28 In this study, we confirmed that bortezomib-induced apoptosis in leukemia cells occurs via upregulation of PP2A activity and subsequent P-Akt downregulation. We further demonstrated that CIP2A, through inhibition of PP2A-dependent P-Akt inactivation, mediates the apoptotic effect of bortezomib in leukemia cells. Bortezomib down-regulates CIP2A in sensitive leukemia cells but not in resistant ones. More importantly, knockdown of CIP2A by siRNA restores the effects of bortezomib on PP2A-dependent P-Akt inactivation in resistant leukemia cells. CIP2A is, therefore, a major molecular determinant of bortezomib-induced apoptosis in leukemia cells and may thus have value as a predictive biomarker of clinical response to bortezomib in leukemia.
Cancerous inhibitor of protein phosphatase 2A determines bortezomib-induced apoptosis in leukemia cells

Design and Methods
Reagents and antibodies
Bortezomib (Velcade®) was kindly provided by Millennium Pharmaceuticals. For in vitro studies, bortezomib at various concentrations was dissolved in dimethyl sulfoxide (DMSO) and then added to cells in RPMI-1640 medium (Invitrogen) supplemented with 5% fetal bovine serum. Final DMSO concentration was 0.1% after addition to the medium. Okadaic acid and 1,9 dideoxy-forskolin were purchased from Cayman Chemical (Ann Arbor, MI, USA). Antibodies for immunoblotting such as antiAkt1, NF-κB and CIP2A were purchased from Santa Cruz Biotechnology (San Diego, CA, USA). Other antibodies such as anti-caspase-3, p-Erk 1/2 and Erk 1/2 and P-Akt (Ser473 & Thr308) were from Cell Signaling (Danvers, MA, USA).
Statistical analysis
Data are expressed as mean ± SD or SE. Statistical comparisons were based on non-parametric tests. P<0.05 was considered significant. All statistical analyses were performed using SPSS for Windows version 12.0 software (SPSS, Inc., Chicago, IL, USA).
Further details of Design and Methods are described in the Online Supplementary Appendix.
Results
Differential anti-leukemic effects of bortezomib on leukemia cells
To investigate the antitumor effect of bortezomib on leukemia cells, we first assessed the apoptotic effect of bortezomib in a panel of four human leukemia cell lines, HL-60, KG-1, K562 and MOLT-3, at clinically relevant concentrations. 29 Flow cytometry analysis of sub-G1 cells showed that bortezomib induced differential apoptotic effects on the four leukemia cell lines ( Figure 1A ). Bortezomib induced apoptosis at 8 h and 12 h of treatment in HL-60 and KG-1 cells, whereas no apparent apoptotic effects were elicited by bortezomib in K562 and MOLT-3 cells ( Figure 1A) . Examination of DNA fragmentation through a cell death ELISA assay confirmed that bortezomib induced differential apoptosis in these cells ( Figure 1B) . After 12 h of treatment, bortezomib killed HL-60 and KG-1 cells (P<0.05) but not K562 and MOLT-3 cells ( Figure 1B ). These data indicated that HL-60 and KG-1 cells were sensitive to the cytotoxic activity of bortezomib, whereas K562 and MOLT-3 cells were resistant.
Bortezomib exerts similar, efficient proteasome inhibition in both sensitive and resistant leukemia cells
To explore the mechanism by which bortezomib induces apoptosis in these leukemia cell lines, we first examined the proteasome inhibitory effects of bortezomib in the four cell lines. Proteasome activity was measured in the four cell lines after 6 h of treatment with bortezomib. Bortezomib treatment resulted in similar dosedependent effects on proteasome inhibition in all four leukemia cells ( Figure 1C ). In addition, previous studies have shown that bortezomib inhibited NF-κB signaling through inhibiting the proteasome degradation of IkB (inhibitor of NF-κB), therefore we examined the DNAbinding activity of the nuclear NF-κB subunit p65 and protein levels of IκB in resistant K562 and MOLT-3 cells treated with bortezomib. Since in cancers NF-kB signaling is often stimulated by tumor-associated cytokines, such as TNF-alpha, we used TNF-α stimulation to mimic the biological event in vivo. TNF-α stimulation increased the nuclear NF-κb binding activity in association with downregulation of IkB ( Figure 1D ). Notably, bortezomib abolished NF-κB activation induced by TNF-α, in association with increased cytoplasmic protein levels of IκB-α even in the resistant cells, suggesting similar proteasome inhibition in all these cells ( Figure 1D ). These results suggest that the differential induction of apoptosis by bortezomib in leukemia cells may not necessarily be dependent on proteasome inhibition, which is consistent with our previous findings in HCC cells.
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Bortezomib enhances PP2A activity, which is regulated by CIP2A, and down-regulates CIP2A and P-Akt in sensitive leukemia cells Our previous study demonstrated that PP2A mediated the sensitizing effect of bortezomib on TRAIL-induced cell apoptosis in HCC.
14 Here we investigated the effects of bortezomib on PP2A, P-Akt and CIP2A in association with apoptosis in leukemia cells. As shown in Figure 2A , bortezomib significantly increased the phosphatase activity of PP2A in bortezomib-sensitive leukemia cell lines, HL-60 and KG-1, whereas bortezomib did not influence the phosphatase activity in resistant K562 and MOLT-3 cell lines (Figure 2A ). In addition, okadaic acid, a PP2A inhibitor acting as a negative control, decreased the phosphatase activity of PP2A in these four cell lines; while forskolin, a PP2A agonist acting as a positive control, increased PP2A activity in these cells ( Figure 2A ). Moreover, consistent with previous findings in HCC,14,30 the expression of PP2A complex including subunits A, B56γ and C was not significantly altered by bortezomib (data not shown). Next, we examined PP2A activity in HL-60 cells with ectopic expression of CIP2A (HL-60-CIP2A) by transfection with CIP2A. Ectopic expression of CIP2A reduced PP2A activity in HL-60-CIP2A cells as compared with wild-type HL-60 cells ( Figure 2B ). This result supports the previously known regulatory role of CIP2A on PP2A. 19 We then further examined the molecular events associated with apoptosis in bortezomib-treated leukemia cells. Bortezomib decreased protein levels of CIP2A and induced apoptosis in sensitive HL-60 and KG-1 cells in a dose-dependent manner, but did not show similar effects in resistant K562 and MOLT-3 cells ( Figure 2C ). Furthermore, inhibition of CIP2A was associated with downregulation of P-Akt and induction of apoptosis which is evidenced by the activation (cleavage) of caspase-3 in sensitive cells ( Figure 2C ). On the contrary, bortezomib did not affect protein levels of CIP2A, P-Akt, Akt or induction of apoptosis in resistant K562 and MOLT-3 cells ( Figure 2C ). Moreover, since P-Akt may also be regulated by Erk 1/2 activity, 31, 32 another pathway linked to cell survival, we examined the phosphorylation of Erk 1/2 in HL60 cells treated with bortezomib and found it made no significant alteration of Erk phosphorylation ( Figure 2D ). These results suggest that inhibition of CIP2A is the major determinant of bortezomib-induced apoptosis in leukemia cells.
Target validation of CIP2A as a molecular determinant in bortezomib-induced apoptosis
To validate the role of CIP2A signaling in mediating the apoptotic effect of bortezomib in leukemia cells, we first knocked down protein expression of CIP2A in resistant MOLT-3 and K562 cells by using siRNA. Downregulation of CIP2A by bortezomib is associated with downregulation of P-Akt and sensitized the resistant MOLT-3 and K562 cells to bortezomib-induced apoptosis (Online Supplementary Figure S1A and B) . Notably, knocked down CIP2A expression by CIP2A siRNA alone was insufficient to induce significant apoptosis either in MOLT-3 or in K562 cells, despite P-Akt also being down-regulated (Online Supplementary Figure S1A and B) . This suggests that other mechanisms may also participate in bortezomibinduced apoptosis. Next, we generated HL-60-Akt cells that constitutively express ectopic myc-tagged Akt (Online Supplementary Figure S1C) . Similarly, we generated HL-60-CIP2A cells that constitutively express ectopic CIP2A (Online Supplementary Figure S1D) . Notably, HL-60-CIP2A cells also expressed constitutively activated P-Akt (Online Supplementary Figure S1D) . Constitutive ectopic expression of either myc-tagged Akt or CIP2A protected sensitive HL-60 cells from apoptotic death induced by bortezomib (Online Supplementary Figure S1C and D) . These results indicate that CIP2A plays a key role in mediating the apoptotic effect of bortezomib in leukemia cells.
Bortezomib down-regulates transcription of CIP2A in leukemia cells
To examine the effects of bortezomib on CIP2A expression, we first examined whether bortezomib could affect CIP2A elimination (degradation) when translation was blocked by the protein synthesis inhibitor cycloheximide. Our data showed that after protein translation was blocked by cyclohexamide, the rate of CIP2A degradation did not change significantly with or without bortezomib treatment in HL-60 cells (Online Supplementary Figure 2A) suggesting that the effect of bortezomib on CIP2A may occur at the pre-translation level and that CIP2A might not be proteasome degradation substrate. We next investigated whether bortezomib affected CIP2A transcription. mRNA levels of CIP2A (as measured by a semi-quantitative nested polymerase chain reaction, PCR), decreased in a dose-dependent manner upon treatment with bortezomib in sensitive HL-60 cells (Online Supplementary Figure  2B ). However, in resistant K562 cells, CIP2A mRNA was not inhibited by bortezomib (Online Supplementary Figure  2B) . Failure of inhibiting CIP2A transcription by bortezomib suggests drug resistance. Further studies are needed to unravel the mechanisms underlying resistance to bortezomib-induced downregulation of CIP2A in K562 and MOLT3 cells.
Effect of bortezomib on leukemia xenograft tumor growth in vivo
To confirm that the effect of bortezomib on CIP2A has potentially relevant clinical implications in leukemia, we assessed the in vivo effect of bortezomib on leukemia xenograft tumors. HL-60 xenografted, HL-60-CIP2A (HL-60 with ectopic over-expressed CIP2A) xenografted and resistant K562 xenografted tumor mice were generated to validate CIP2A's role in vivo. Tumor-bearing mice were treated with vehicle or bortezomib intraperitoneally at the clinically relevant dose of 0.5 mg/kg twice a week for two weeks. Bortezomib significantly inhibited HL-60 tumor growth (P<0.05) and the mean tumor size in the bortezomib treatment group was approximately 50% that of control at the end of treatment ( Figure 3A) . The mean tumor weight was also significantly reduced in bortezomib-treated mice (Online Supplementary Figure 1B) . In contrast, bortezomib did not inhibit HL-60-CIP2A nor K562 tumor growth, as measured by tumor size ( Figure  3A ) and tumor weight ( Figure 3B) . Notably, HL-60-CIP2A tumors grew larger and weighed more than wild-type HL-60 tumors ( Figure 3A and B, P<0.05), suggesting more aggressive tumor behavior in leukemia cells with overexpressed CIP2A. To correlate biological response with the mechanism of action identified in vitro, the effect of CIP2A and bortezomib in leukemias haematologica | 2013; 98 (5)bortezomib on CIP2A and P-Akt in these tumors was examined by Western blot. Figure 3C shows Western blots of Akt and P-Akt in the homogenates of three representative HL-60, HL-60-CIP2A, and K562 tumors. Overall, there was a significant decrease in CIP2A and P-Akt in HL-60 tumors treated with bortezomib, whereas no significant changes were observed in control (vehicle) ( Figure  3C ). In addition, CIP2A protein levels were not significantly altered by bortezomib in resistant HL-60-CIP2A tumors or K562 tumors ( Figure 3C ). Importantly, all animals tolerated the treatments well without observable signs of toxicity and had stable body weights throughout the course of the study ( Figure 3D) . No gross pathological abnormalities of major organs such as liver, lung, spleen, intestine and heart were noted at mice necropsy examination.
Effects of bortezomib in primary leukemia specimens
Several studies have indicated the oncogenic role of CIP2A in several solid tumors; 19, 22, 25 however, it remains unclear whether CIP2A also contributes to leukemia aggressiveness. As the in vivo xenografted HL-60-CIP2A tumor grew larger and faster ( Figure 3A and B), we further checked DNA synthesis and cell proliferation in HL-60-CIP2A cells. DNA synthesis and cell proliferation in HL-60-CIP2A cells was significantly increased at 72 h in comparison with wild-type HL-60 cells ( Figure 4A ). These results suggest that CIP2A promotes leukemia cell DNA synthesis and proliferation. Next, we performed immunohistochemical staining for CIP2A in clinical bone marrow biopsy specimens and found that CIP2A antibody stained only weakly and focally in the cells in the marrow from 2 patients with idiopathic thrombocytopenic purpura ( Figure 4B ). In contrast, leukemic cells were diffusely positive for CIP2A in samples from 2 patients with over 80% AML blasts ( Figure 4B) ; focal but strong staining for CIP2A was also found in the marrow of an AML patient with around 25% blasts ( Figure 4B ). Furthermore, CIP2A expression was significantly higher in the four leukemic cell lines than in the peripheral leukocytes from 4 normal healthy volunteers ( Figure 4C) . Similarly, CIP2A expression is higher in primary leukemic cells than in CD34 + normal hematopoietic cells ( Figure 4C) . Importantly, we tested effects of bortezomib in primary leukemic cells from 13 patients with leukemia whose characteristics (see Figure  4D for patients' characteristics) and found that bortezomib showed some efficacy (shown as specific cell death) in these cells, which correlated with its downregulation of CIP2A ( Figure 4D ). Due to limited samples, no further analysis on the correlation with drug efficacy and disease diagnosis could be made. Further studies on the role of CIP2A in leukemogenesis and leukemia tumor behavior are warranted. Finally, we examined the effect of bortezomib on normal hematopoietic cells and found that bortezomib did not induce significant apoptosis in normal hematopoietic cells but did inhibit CFU-GM colony growth ( Figure 4E ). The inhibition of colonogenic assay by bortezomib treatment is consistent with bortezomibinduced myelosuppression as reported in clinical trials.
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Discussion
This study uncovers a novel mechanism by which bortezomib induces apoptosis in leukemia cells: the CIP2A-PP2A-P-Akt regulatory machinery. This finding has several potential important implications. First, we identified CIP2A as a novel molecular determinant of cell sensitivity to bortezomib-induced apoptosis, and demonstrated that bortezomib-induced apoptosis does not necessarily depend on its proteasome inhibition. Although bortezomib exerts excellent anti-cancer activity in multiple myeloma and mantle cell lymphoma through its proteasome inhibitory effects, clinical trials have shown that bortezomib is less efficient or shows transient anti-cancer activity in solid tumors or other hematologic malignancies. [9] [10] [11] [12] Our findings may partly explain this discrepancy. Bortezomib has been shown to cause G2/M arrest which is associated with its inhibition of the proteasome-mediated degradation of cell cycle regulators, such as p27, cyclin E, etc. which is in turn linked to bortezomib-mediated apoptosis. 34, 35 In the current study, we observed similar G2/M arrest during flow cytometry analysis of sub-G1 apoptotic cells in bortezomib sensitive or resistant leukemia cell lines (data not shown). Buzzeo et al. have also demonstrated that G2/M arrest induced by bortezomib's proteasome inhibition is not correlated with the sensitivity of cells to bortezomib-induced apoptosis. 36 We showed that bortezomib efficiently inhibits proteasome activity in all tested leukemia cells, as demonstrated by proteasome activity analysis and by efficient NF-kB inhibition even in bortezomib-resistant leukemia cells ( Figure 1C and D) . However, bortezomib induces differential apoptotic effects in these leukemia cells. This differential apoptotic effect in leukemia cells is not associated with bortezomib's proteasome inhibition, but is clearly associated with CIP2A downregulation. We demonstrated that in sensitive leukemia cells bortezomib increases PP2A activity through downregulation of CIP2A. We thus propose that, in addition to the several known mechanisms of bortezomib resistance in cancers, 6 ,37 the CIP2A-PP2A-PAkt pathway may contribute to bortezomib resistance. We and others have shown that sorafenib restores the apoptotic effects of bortezomib in various tumor cells through downregulation of P-Akt in co-treated cancer cells. 38, 39 Furthermore, novel Akt inhibitors such as perifosine, have also been shown to synergize with bortezomib and thus may be able to overcome bortezomib resistance in cancer cells. 40, 41 Our study also suggests that CIP2A, as a newly discovered oncoprotein, may be a potential drug target for anticancer agents. Our findings indicate that CIP2A may be a molecular determinant of bortezomib's sensitivity in leukemia cells. Recently Choi et al. 42 also showed that doxorubicin could down-regulate CIP2A. Therefore, anticancer agents that target CIP2A may be an attractive alternative anti-cancer strategy. However, how these agents down-regulate CIP2A remains unknown and further mechanistic studies are necessary to consolidate CIP2A as a useful drug target. In addition, future immunohistochemical study of in vivo leukemia blasts and the correlation between CIP2A expression and drug-sensitivity in leukemia patients may help to establish a clinical role for CIP2A as a predictive factor. 28 We also found that bortezomib enhances phosphatase (PP2A) activity through downregulation of CIP2A, suggesting that targeting phosphatase may be a novel anti-cancer strategy. It is known that protein kinases play important roles in regulating most cellular functions, such as proliferation/cell cycle, cell metabolism, survival/apoptosis, DNA damage repair, cell motility, response to the microenvironment, etc. 43 44 recently reported that PP2A inactivation is a recurrent event in AML and that restoration of PP2A activity with forskolin in AML cells could down-regulate P-Akt and induce apoptosis. In line with their finding, we also found that forskolin enhances PP2A activity in leukemia cells and further showed that bortezomib is a feasible agent to enhance PP2A activity. Our data suggest that using bortezomib as a lead to discover novel compounds that enhance PP2A activity might be a novel approach for anti-cancer drug development.
Our data showed that CIP2A promotes leukemia-cell DNA synthesis and proliferation and facilitates xenograft tumor growth. Previous studies have suggested that CIP2A is an oncoprotein that promotes tumor aggressiveness in several solid tumors. 19, 22, [24] [25] 45 Junttila et al. 19 found that through inhibition of the interaction of PP2A with cMyc, CIP2A stabilizes the oncogenic activity c-Myc, a mechanism that may explain the promotion of tumor aggressiveness by CIP2A. Moreover, Lucas et al. showed that CIP2A levels at diagnosis can consistently predict CML patients who will progress to blast crisis. 28 They also demonstrated that siRNA-mediated knockdown of CIP2A expression in K562 cells results in increased PP2A activity, decreased c-Myc levels, and a decrease in Bcr-Abl tyrosine kinase activity. 28 In addition to this known molecular interaction, our recent results 30 and those from the current study strongly suggest that CIP2A also influences the interaction between PP2A and its other important substrates (in this study, P-Akt). Our results suggest that, in addition to the inhibition of c-Myc-associated PP2A activity, CIP2A might also exert its oncogenicity through the regulation of P-Akt and its downstream signaling, thereby increasing drug resistance. Interestingly, recently a novel MLL-KIAA1524 fusion gene was identified in an infant with AML. 26 MLL is a histone methyltransferase that has been shown to be a positive global regulator of gene transcription and is involved in the epigenetic maintenance of transcriptional memory. 46 In the future, it will be important to find out whether rearrangement of MLL with CIP2A is associated with aberrant CIP2A expression and aggressive leukemia.
Our data show that bortezomib is able to decrease CIP2A transcription but does not affect the half-life of CIP2A protein degradation (Online Supplementary Figure  S2) , suggesting that the effect of bortezomib on CIP2A occurs pre-translation and is possibly irrelevant to its proteasome inhibition. There are several possible mechanisms through which bortezomib may affect the transcription of CIP2A, such as direct or indirect promoter regulation of CIP2A mRNA, epigenetic regulation of the CIP2A gene by DNA methylation or micro-RNA machin-
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haematologica | 2013; 98(5) ery, or affecting other uncovered molecules that regulate CIP2A expression. Future studies on how bortezomib affects CIP2A transcription are needed. In addition, although we used cycloheximide (a common laboratory agent used to inhibit protein synthesis) to determine whether bortezomib could affect the half-life of CIP2A protein, from our experiment design it is not known whether bortezomib would affect CIP2A protein synthesis as cycloheximide does.
Current study showed that K562 cells are resistant to bortezomib-induced apoptosis. It is known that in K562 cells Bcr-Abl can maintain its active tyrosine-phosphorylated form by inducing expression of SET, another inhibitor of PP2A, 17 and that inhibition of PP2A activity diminishes SHP1 activity, a tyrosine phosphatase that dephosphorylates Bcr-Abl. Thus, SET suppresses the PP2A and SHP1 activities. 18, 47 A recent report further showed that Bcr-Abl does not directly activate expression CIP2A and bortezomib in leukemias haematologica | 2013; 98 (5) 735 of SET protein; rather Bcr-Abl activates Jak2 and in turn induces expression of SET. 48 Therefore, PP2A can be controlled by molecules other than CIP2A. In this regard, our previous data showed that bortezomib did not significantly influence SET expression. 30 Although it is also possible that the resistance of K562 cells to bortezomib might be associated with SET signaling, we showed that knockdown of CIP2A in K562 cells restores bortezomib-induced apoptosis in K562 cells (Online Supplementary Figure S1) . Our data suggested a role of CIP2A in mediating bortezomib-induced apoptosis and did not conflict with the SET signaling pathway. Another interesting finding is that the short-term incubation of normal CD34 + cells with bortezomib does not induce apoptosis at a concentration of 100 nM. In contrast by using these CD34 + cells in CFU-GM assay, a significant reduction is shown at 10nM ( Figure 4E ). Therefore, it would be of interest to know whether patients' AML cells that are defined as unresponsive in short-term culture assay would have the same pattern in the CFU-assay. To address this, we tested 3 additional primary AML cells in which bortezomib induced little apoptotic cell death in short-term suspension culture (Online Supplementary Figure S3) . We found that bortezomib reduced colony formation of these primary leukemia cells by various degrees at the indicated doses (10, 50 and 100 nM). Meanwhile, the numbers of colonies for drug-free controls also showed a wide variation (Online Supplementary Figure S3) . These results suggested that bortezomib also affects the more immature clonogenic leukemic subset within the hierarchically organized AMLcell population, consistent with previous studies. 49 In summary, this study identified CIP2A as a major molecular determinant of the sensitivity of leukemia cells to bortezomib-induced apoptosis, suggesting that CIP2A may be a potential drug target in leukemia. This study also suggests that focusing on the interactions of oncoproteins, phosphatase and kinases could be a potential antileukemia strategy. Future studies defining the clinical and biological roles of CIP2A in leukemia and delineating the machinery by which bortezomib affects CIP2A expression may improve targeted therapy for leukemia and further clarify bortezomib's anti-leukemic activity.
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